Abstract
The relationship of structural polarity to functional activities was examined in cultured human thyroid follicles, which were isolated from the thyroid gland of patients with Graves' disease by collagenase treatment. Structural polarity was examined morphologically by electron microscopy, while the functional response to bovine TSH was examined by measuring intracellular cAMP accumulation and T3 release. In freshly isolated thyroid follicles, structural polarity was normal and TSH induced significant cAMP accumulation but no significant release of T3. After culture for 5 days the structural polarity of thyroid follicles became inverted in the absence of thyroid stimulators, but normal polarity was retained in the presence of TSH or dibutyryl cAMP ((Bu)2 cAMP).
The response to TSH of cAMP accumulation increased markedly after culture in either the presence or absence of TSH, suggesting that cAMP accumulation in response to TSH is not related to structural polarity. In contrast, thyroid follicles cultured without thyroid stimulators showed no significant T3 release in response to TSH, whereas those cultured with TSH or (Bu)2 cAMP showed significant T3 release in response to TSH.
These data indicate that in cultured human thyroid follicles, the responses to TSH of cAMP accumlation and T3 release are not always correlated.
Among many other explanations, the results were at least compatible with the idea that normal structural polarity is necessary for thyroid hormone release in reponse to TSH.
Thyroid hormone secretion requires the bidirectional transport of thyroglobulin into the follicular lumen and its subsequent endocytosis and transfer to lysosomes where thyroid hormones are freed from their peptide linkages (Fujita, 1975 ; Van Herle et al., 1979 ; Wollman, 1980) . The functional unit of the thyroid gland is the follicle and the follicular lumen is surrounded by a layer of epithelial cells. These follicular cells are polarized in the same direction and vectorial transport of thyroglobulin is closely related to this structural polarity (Fujita, 1975 ; Wollman, 1980 ; Inoue et al., 1980) . Thus cell polarity may be important for functional activities. However, the interrelationship of morphological polarity and biological functions, especially the response to thyroid stimulators of hormone release, has not been examined extensively in human thyroid tissues. The secretion of thyroid hormone is physiologically controlled by TSH, which activates cell membrane adenyl cyclase and then increases intracellular cAMP (Pastan et al., 1966 ; Gilman et al., 1968 ; Kaneko et al., 1969) . However, we know of no reports on the relationship between the responses of increase in intracellular cAMP and thyroid hormone secretion in human thyroid cells in vitro. This report describes studies in cultured human thyroid follicles on the relationship between structural polarity and functional activities, and between the TSH-induced cAMP response and thyroid hormone secretion.
Materials and Methods
Isolation of Thyroid Follicles Thyroid tissue was obtained from surgical specimens of toxic goiters of three patients with Graves' disease who had been treated with methimazole and iodide. Thyroid tissue was freed of connective tissue, sectiond with a slicer, and cut into small pieces with scissors. Tissue fragments were suspended in Dulbecco's salt solution without CaCl2 and MgCl2 (pH 7.4) (PBS (-)) (Nissui Seiyaku Co., Tokyo, Japan) and washed several times with the same buffer. The fragments obtained were then transferred to an Erlenmeyer flask containing Medium 199 (Handai Biken, Osaka, Japan) supplemented with 0.3% crude collagenase (135 units/mg, CLS II, Worthington Biochemical Co., Freehold, NJ, USA) and 5% fetal calf serum (Lot No. 90824, Flow Lab., Stanmore, NSW, Australia) .
This suspension was stirred with a magnetic stirrer for 1.5-2 h. Then it was left to stand for 15 min to allow follicle segments to settle. Most of the supernatant was then aspirated and PBS (-) was added. The tissue was washed with this buffer three times in the same way. Clumps of connective tissue were removed by pipette and the follicle fragments were obtained by centrifuging the suspension at 2,000 rpm for 5 min. (Schneider, 1946) .
Statistical amalysis Statistical analysis of data was carried out by Student's t-test or, when variance was different, by the Mann-Whitney U test.
Results

Structural Polarity
Immediately after collagenase treatment, isolated human thyroid follicles showed normal structural polarity : microvilli were oriented towards the follicular lumen and tight junctions were seen at the apical end of the cell boundary (Fig. 1. A) . After 5 days culture of these follicles in the absence of TSH or (Bu)2 cAMP, their structural polarity was reversed : the cell surface facing the follicular cavity was smooth, microvilli were found on the cell surface facing the medium and the tight junctions were localized at the end of the cell border close to the external surface facing the medium (Fig. 1. B) . However, thyroid follicles cultured in the presence of TSH (Fig. 1. C) or (Bu)2 cAMP ( Fig. 1. D) retained normal cell polarity and follicle cells tended to aggregate round the follicular lumen.
Responses of cAMP and T3 to TSH
The functional activity of thyroid follicles was examined by measuring the accumulation of intracellular cAMP and T3 release in response to TSH. Table 1 . shows the results of cAMP accumulation response in various conditions of thyroid follicles obtained from 3 patients (Case 1-3) . At a concentration of 10 mU/ml of TSH, a significant increase in cAMP was observed in all conditions of thyroid follicles. The cAMP response of follicles before culture was lower than that of those after culture, either with or without TSH. The stimulation index was significantly higher in follicles cultured without TSH than in those cultured with TSH (Table 1) . T3 release in response to TSH is shown in Table 2 . No significant increase in T3 was observed in any of the follicles before culture. Also TSH, even at a concentration of 10 mU/ml did not increase T3 release from thyroid follicles cultured without thyroid stimulators in spite of significant cAMP response. In contrast, significant response of T3 to TSH was observed from thyroid follicles cultured with TSH or (Bu)2 cAMP. To confirm the above results, cAMP and T3 concentrations were expressed as f mol/ DNA and pg/ƒÊg DNA, respectively.
Individual values in Case 1 are shown in Fig. 2-4 , and the same results were obtained. A tight junction (solid arrowhead) is seen at the cell border close to the external surface facing the medium (M). C. Human thyroid follicle after 5 days culture in the presence of bovine TSH (10 mU/ml).
Normal structural polarity is retained as seen by comparison with Fig. 1A . D . Human thyroid follicle after 5days culture in the presence of (Bu)2 cAMP (1 mM). Structural polarity is normal as seen by comparison with Fig. 1A . Follicular cells tend to be aggregated round the follicular lumen (F). a . Follicles were cultured with Medium 199 containing 0. 5% fetal calf serum. b . Bovine thyrotropin was added to the culture medium at a concentration of 10 mU/ml. c . Dibutyryl cAMP was added to the culture medium at a concentration of 1 mM. Difference from basal value at P < 0. 05 (d), P < 0.01 (e) and P < 0. 001 (f). 
Discussion
Recently a technique was established for isolation of thyroid follicles using collagenase (Inoue et al., 1980 ; Nitsch et al., 1980 ; Denef et al., 1980) and the resulting preparation is considered a good model of cells in vivo. In this study we prepared human thyroid follicles and examined the relationship between morphological change and functional activities. Nitsch and Wollman (1980) reported that rat thyroid follicles cultured in the absence of thyroid stimulators in agarosecoated dishes retained normal structural polarity by 3 days and even after 12 days of culture most cells had similar ultrastructural features. In this study we used a modified form of their method, but found that the structural polarity was reversed after 5 days culture in the absence of thyroid stimulators. This difference in results may partly be due to the difference in culture media and in the thyroid tissue used. However, we observed normal structural polarity when the follicles were cultured in the presence of thyroid stimulators, and confirmed a previous report by Denef et al. (1980) on culture of human thyroid follicles.
There have been several studies on the cAMP response to TSH in cultured human thyroid cells in vitro (Winand et al., 1975 ; Hinds et al., 1981 ; Kasagi et al., 1982) , but there are few reports on cultures of human thyroid follicles. Winand and Kohn (1975) observed an increased cAMP content in reorganized human thyroid cells cultured for 2 days in the presence of TSH (100 mU/ml), but they did not examine the cAMP response after a short period of stimulation by TSH. Denef et al. (1980) reported a significant response of cAMP to TSH in rat, pig and human thyroid follicles which were freshly isolated by collagenase treatment. We observed a weak but significant response to TSH of cAMP accumulation in freshly isolated human thyroid follicles and found that the response increased markedly after 5 days culture in either the presence or absence of TSH.
The stimulation index of cAMP accumulation is influenced by the basal level of cAMP. In freshly isolated thyroid follicles, the basal level of cAMP is higher than those of cultured follicles. But the lower cAMP response in the freshly isolated follicles may not be related to the higher basal level, since the absolute increase in cAMP is also smaller than those of cultured thyroid follicles. The lowest basal value for cAMP in the TSH-treated culture may partly be due to the effect of long culture without phosphodiesterase inhibitor. We know of no report on the effect of culture on the functional activities of thyroid follicles. However, the low cAMP response that we observed before culture may be because the thyroid tissue was obtained from patients with Graves' disease who had been treated with methimazole and iodide, since these drugs may induce hyporesponsiveness to TSH (Onaya et al., 1978 ; Uchimura et al., 1980) . The increase in the cAMP response after 5 days culture suggests that the hyporesponsiveness of thyroid tissue in Graves' disease is not due to any intrinsic abnormality of the thyroid cells. The low initial response was probably not due to an effect of collagenase treatment, since the cAMP response is somewhat better in the follicle system than in a slice system (unpublished).
TSH receptor was reported to be localized on the basolateral membrane of thyroid monolayer cells cultured in collagen-coated dishes (Chambard et al., 1983) but direct evidence of the localization of TSH receptor is not available in the follicles of reversed polarity. In this experiment we observed the good response of cAMP to TSH in follicles of reversed polarity. This may indicate that TSH receptors are found also along the apical plasma membrane facing the medium. T3 release in response to TSH has been examined in vitro in thyroid tissues from animals (Chapman et al., 1976 ; Laurberg et al., 1975 ; Chatterjee et al., 1977) , but only rarely in human thyroid tissue. Bidey et al. (1977) and Goto et al. (1982) observed a significant increase in T3 release from normal human thyroid cells which were reorganized in the presence of TSH, but they did not examine the short term effect of TSH on T3 release. In this study significant T3 release induced by TSH was observed only in follicles cultured with thyroid stimulators.
The basal levels of T3 were lower in the TSH-and (Bu)2 cAMP-treated culture than those of follicles before culture or cultured without stimulators. Chronic stimulation by these stimulators may be related to these changes, but the exact mechanisms are unknown. However, the absolute increase in T3 release caused by acute TSH stimulation was larger in the follicles cultured with the stimulators than those of follicles before culture or those cultured without the stimulators. Thus no response of T3 release in the latter two groups of follicles may not be related to the higher basal levels of T3.
On the other hand, TSH-induced T3 release may possibly be related to the absolute content of thyroid hormones or the activity of deiodinase in the thyroid cells, but these possibilities were not examined in this study.
Since there have been few studies on T3 release, little is known about its relationship to cAMP accumulation in vitro, especially in human thyroid tissue. Thyroid follicles cultured without thyroid stimulators showed a marked accumulation of cAMP in response to TSH, which was similar to that of follicles cultured with TSH, or better, but they showed no significant T3 release in response to TSH, suggesting that the cAMP response is not always parallel with that of thyroid hormone release, at least in cultured human thyroid follicles. TSH-induced T3 release from thyroid cells is mediated by intracellular accumulation of cAMP (Robbins et al., 1974) but it is not known how thyroid hormone is produced and released after intracellular cAMP accumulation. Hormone secretion involves reabsorption of thyroglobulin into the thyroid cells by endocytosis, and its degradation by lysosomal enzymes and then hormone release (Fujita, 1975 ; Van Herle, 1979) . Therefore structural polarity may be important for functional activity (Inoue et al., 1980 ; Bidey et al., 1977 ; Goto et al., 1982) . However, little is known about the relationship between structural polarity and the responses to TSH of cAMP accumulation or T3 release in human thyroid tissue. In this study freshly prepared human thyroid follicles showed no significant response to TSH of T3 release and their weak response of cAMP production may be related to this lack of T3 release. Cultured thyroid follicles showed a good cAMP response, but only follicles with normal structural polarity showed a significant T3 release. These results are compatible with the idea that normal structural polarity is necessary for thyroid hormone release.
